Abstract This paper presents rainfall-induced landslide thresholds and predicts landslide hazard in Kuala Lumpur metropolitan city and surrounding areas. Landslide events from 2000 to 2012 were collected. The long and short antecedent rainfall days were prepared for landslide and non-landslide days simultaneously. First, threshold analysis was conducted by using data obtained from rainfall stations located in highly urbanized areas of Kuala Lumpur metropolis. Six rainfall gauges were selected, and the study area was divided into six zones according to rainfall gauges: Taman Desa Station (TD-KL), Genting Klang (GK-KL), LDG Edinburgh Station (LDGE-KL), SG Raya Hulu Langat Station (SRHL-Slg), Puchong Drop Station (PD-Slg), and Bukit Antarabangsa (BTA-Slg). After the threshold analysis was conducted for different periods (10, 15, and 30days) in each station, reliability index test was conducted to optimize the best threshold that limits the predicted events along the study period for each region. Second, the threshold analysis results were used as input in the Poisson probability model to estimate landslide temporal probability (P T ). Third, the spatial probability (P S ) analysis was prepared by using the evidential belief function multiplied by the P T to obtain the hazard maps for 1-, 3-, and 5-year scenarios. Finally, a validation process was conducted to test the prediction performance of the resultant hazard map for a 1-and 2-year prediction by using the landslide inventory of 2012 to early 2014, which was not included in the modeling of the hazard map. Results showed a valid correlation between the high and moderate hazardous areas for the six zones. The predicted hazard maps indicated a quantitative assessment of the prone areas and proved to be a valid disaster management tool. The produced hazard maps may play a vital role as input component in risk analysis.
Introduction
In developing countries, especially in the tropics, landslide hazards have a high and wide range risk impact, particularly on main cities, because of rapid urbanization trends. Man-made factors have a vital role in disturbing the soil of hillslopes and in increasing infrastructure vulnerability index and fatality ratio (Ayalew et al. 2004; Althuwaynee et al. 2014a, b; Tien Bui et al. 2012) . Rapid economic development in Malaysia has continuously led to unmanaged slopes which have contributed to notable number of shallow landslides. Man-made factors caused 88 % of the registered slope failures. The most common reasons are the following: (1) inadequacy of design and construction, (2) incompetence, (3) poor maintenance, (4) ignorance of landslide proper planning, and (5) inadequate estimation of the consequences of the triggering factors (Jamaludin and Hussein 2006) . Therefore, hazard and risk assessments are essential task that must be in place during or before land use planning (Guzzetti et al. 2007 ).
Farisham (2007) showed that in Hulu Klang, Malaysia, intense rainfall and storm events raised the infiltration water level and caused shallow slope failures, especially in hillside regions. Soil characteristics, rainfall history, and antecedent moisture content all contributed to slope failures (Wieczorek 1996) .
Spatial and temporal probabilities represent the two main components of landslide hazard assessment. Threshold analysis is the main independent component that develops temporal probability (P T ). White et al. (1996) defined threshold as "the minimum or maximum level of some quantity needed for a process to take place or a state to change." Rainfall threshold refers to the limit of hydrological condition that, when reached or exceeded, leads to a landslide (Jakob and Weatherly 2003; Salciarini et al. 2008) .
Many rainfall parameters are used in threshold analysis, including antecedent rainfall, duration-intensity relationship, and cumulative rainfall (Borga et al. 2005; Keefer et al. 1987) . Various thresholds have been developed across the world, but each model is valid and yields excellent results only in the immediate context of its respective study area. In a paper, Guzzetti et al. (2007) argued that the main three approaches that should be used in rainfall threshold initiation are the following: (1) physical models (local scale analysis); (2) empirical models, which refers to the lower limit of the Cartesian or logarithmic line of the rainfall condition that results in slope failure; and (3) statistical models (Frattini et al. 2009 ). Moreover, Guzzetti et al. (2007) integrated the second and third models to develop empirical rainfall thresholds by adopting the rainfall intensity-duration curve of the Central European Adriatic Danubian South-Eastern space study area. They obtained a significant inverse logarithmic relationship between the increment of rainfall duration and rainfall intensity.
In the present study, the relationship between daily rainfall and the antecedent conditions of landslide and non-landslide days was used to develop a rainfall threshold for selected areas in Kuala Lumpur and surrounding areas. Then, the Poisson model was used to estimate the P T based on the rainfall events that exceeded the proposed threshold for each zone. Subsequently, landslide hazard maps were prepared by multiplying the P T by P S maps, which was previously generated by the same group of authors ) by using the evidential belief function (EBF) model.
Study area
Kuala Lumpur and its surrounding areas have a major role in the economic and social development of the country. Unfortunately, these areas are often beset by prolonged rainfall and storms that threaten the slopes of hilly areas and cause high risk to people. For this reason, a lot of research has been conducted to generate a comprehensive landslide susceptible maps by using multithematic causative factors and recently developed statistical approaches in GIS (Althuwaynee et al. 2012b; Pradhan 2011; Pradhan and Lee 2007) .
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The study area is geographically located at a latitude of 2°56′ N to 3°20′ N and longitude of 101°12′ E to 101°56′ E and has an approximate area of 1,975 km 2 (Fig. 1) . It is characterized mainly by a large settlement with small areas of peat swamp forest, abandoned mining, grassland, and scrub. It has a tropical humid climate temperature range between 29 and 32°C and two severe rainfall seasons with an average precipitation of 58 to 240 mm/ month. These rainfall seasons store a large amount of water in the slope features and increase pore water pressure, thereby decreasing slope shear stability (Malaysian Meteorological Department). A large amount of thick vegetation cover is demolished every year for the construction of new residential and industrial estates. As a result, more non-embanked slopes are created (Evett et al. 2006) . Peninsular Malaysia receives the highest amount of rainfall. The selected study area receives an average daily rainfall of 20 to 50 mm during the two monsoon seasons. The southwest monsoon starts from May to September, followed by the northeast monsoon from November to March. For the rest of the year, the average daily rainfall is between 10 and 25 mm. The study area suffers frequently from landslide events that range from 100-to 800-m 2 area. It is divided into six zones, the division of which is based on rainfall gauge and concentration of previous landslide events. Figure 2 is prepared through interpolation of the yearly mean rainfall from 2005 to 2012 then overlapped with a hillshade map. It can be inferred that there exists a positive effect of the slope angle conditioning factor on landslide initiations. The landslide locations show a moderate relationship with rainfall in gentle slope areas and a very good relationship in the high and steep slope areas.
The eastern part of the study area represents the high-slope area (30°to 60°) and houses two rain gauge stations, i.e., Genting Klang (GK-KL) and Bukit Antarabangsa (BTA-Slg), also called Hulu Kelang. This area is underlain by granitic rock, phyllite, The western and central parts of the study area represent the gentle slope area (10°to 35°) and house four rain gauge stations: SG Raya Hulu Langat Station (SRHL-Slg), Taman Desa Station (TD-KL), Puchong Drop Station (PD-Slg), and LDG Edinburgh Station (LDGE-KL). These parts experience less landslide events but remain vulnerable, especially in periods of prolonged intense rainfall, because of their large settlement areas with active development trends.
Geologically speaking, these areas consist of three major soil types (Fig. 3) . The first type is the rengam series, which is yellow to yellowish brown and has a coarse, sandy, or claylike texture (Pradhan and Lee 2007) . This type of soil originates from igneous rocks and high-grade metamorphic rocks. The second type is disturbed land, which has a weak soil structure because of human activities. The original texture of this soil type may have changed into non-cohesive soil. The third type is a well-drained soil, which has a texture that ranges from loamy to claylike (Table 1) .
In this study, we generalized seven landslide events (Table 2 ) over five stations (e.g., PD-Slg, SRHL-Slg, LDGE-KL, and TD-KL) (Fig. 2) . Because of limited data availability, moreover, majority of events are falling within the similar topographic conditions, such as (1) slope angle, (2) altitude 0-126 m, (3) soil types of steep land (STP), disturbed land (DLD), and rengam series (RGM). It mainly consists of disturbed soil which may change the original texture to non-cohesive soil. Also, it carries some of the characteristics of well-drained soil with texture varying between loamy and clay types that were originally developed on igneous rock and highgrade metamorphic rocks . Similarly, we generalized 15 landslide events over two stations (e.g., GK-KL and BTA-Slg) for the aforementioned reasons.
Landslide inventory
Data on landslide events covered the period from 2000 to 2012 (Althuwaynee and Pradhan 2014) . In order to delineate a complete landslide inventory map of the area under study, many data sources were utilized. Remote sensing methods were used to obtain historical records of the landslides. Archived 1:5,000-1:50,000 aerial photographs, SPOT 5 panchromatic satellite image, and landslide reports over the 2000 to 2012 were used for the visual detection of landslide occurrences in the study area. In addition, all historical landslide reports, newspaper records, and archived data were assembled for the period under examination. Additionally some information about the landslide inventory was referred from Jaapar (2006) and Lee et al. (2014) . In the present study, we considered only the landslide events that damaged infrastructure or caused fatal death and injuries. The database containing the attributes associated to each landslide was simplified in terms of in situ details and landslide characteristics, such as the size, volume, and travel distance of the slope failures (Table 2) .
These events were classified into major or minor based on the impact of the events on the casualties and approximate economic loss, but not the physical area. Most of these major and minor events have a direct relationship with the rainfall amount. High and prolonged rainfalls are the reasons behind the major losses of lives and economy in the study area (Lee et al. 2014) .
In the eastern part of the study area (high slope) (Fig. 2) , the landslide events have an average rainfall intensity of 25 to 80 mm/ day, respectively, and pose a good correlation with the maximum rainfall season of the southern monsoon (i.e., September and October to December) (Lee et al. 2014) .
In western and central parts (gentle slope), the landslide events have an average rainfall intensity of 25 to 60 mm/day, respectively, by showing a good correlation with the maximum rainfall season of the northern monsoon (February to June). Figure 4 shows that the eastern part of the study area stations covers the steep slope areas and registers a higher intensity of landslide-inducing rainfall than the stations of the central and western parts. They show a reduced positive effect of the slope angle on the failures. The local government and municipal agencies have implemented a series of strict regulations with regard to safety design of construction projects, which might have contributed to the increase of the rainfall intensity required for slope failures. Moreover, a weak correlation exists between the maximum intensity of daily rainfall and landslide occurrence day intensity because of spatial differences of the hydraulic responses of the soil types with respect to temporal rainfall variability.
Rainfall pattern and temporal assessment of landslide hazards
Rainfall thresholds represent the main component of P T analysis and the integration of the latter with P S to form a landslide hazard map. Guzzetti et al. (2007) summarized the main threshold models into the following groups: (1) Process-based or infinite slope-based models are widely used in geotechnical engineering (Iverson 2000) , which can efficiently predict the temporal and spatial coordinates of the expected landslides. Such models are highly preferred in landslide warning systems. (2) Empirical models, which consider the intensity-duration (I-D) and normalized I-D relationship, are widely applied, globally and locally, in the literature. An example is the threshold analysis by Caine (1980) , who proposed a worldwide threshold model through the use of 73 landslide events. (3) The antecedent-based or cumulative-based models are developed based on the nature of the cumulative antecedent rainfall days that raise the groundwater level and cause slope failures. However, these models are limited in the case of long antecedent periods because of the variance of the hydrological response and local slope stability conditions (Zezere et al. 2005) . No exact number of antecedent days is available to determine the threshold limit needed to trigger a landslide. The number depends on the nature of the study area. Cardinali et al. (2006) considered daily events with 3-and 4-month rainfall antecedents. Pasuto and Silvano (1998) used a twoday event and various antecedent periods from 1 day to about 4 months. De Vita (2000) considered daily events with varying periods. Brand et al. (1984) found no correlation between daily and antecedent rainfall and landslide occurrences.
In a case study in Malaysia, Jamaludin and Ali (2011) conducted an I-D threshold analysis that modified the method of Caine (1980) and applied it to three landslide-prone areas in the country. They failed to verify the threshold because the results showed numerous non-landslide rainfall events plotted above the landslide critical limit. Lee et al. (2014) proposed three empirical thresholds for short-and long-term prediction for the Hulu Kelang area. They proved that the empirical model based on daily events with antecedent rainfall (3-day rainfall with 1-month antecedent) yielded the highest reliability index compared with the other two models.
In the present study, the analysis was conducted after the completion of the landslide inventory from 2000 to 2012. The inventory was divided into two groups based on the slope angle: the high-slope area (eastern part) and the gentle slope area (western and central parts). The eastern group includes GK-KL and BTA-Slg, while the western and central groups include TD-KL, LDGE-KL, SRHL-Slg, and PD-Slg. The rain gauges were used as the central point (Fig. 1) . The daily antecedent relationship threshold was prepared by using the daily rainfall of the registered landslide and four different antecedent periods: 5-, 10-, 15-, and 30-day relationship. Then, the relationship was also applied to the maximum non-landslide rainfall data, including the four different antecedent periods (Tien Bui et al. 2013; Zezere et al. 2005) (Table 2 ). Figure 5 shows the most reliable threshold relationships between the daily and antecedent rainfall for each zone. The most reliable results indicate the minimum number of rainfall days plotted above each threshold (Lee et al. 2014) . The blue diamond represents the landslide events, while the red dots represent the maximum rainfall days, in which no landslide was registered, or the maximum yearly rainfall in 1 day. The solid line represents the 
Disturbed land (DLD)
This type has a weak structure as a result of human activities and therefore has poor cohesion force.
Local alluvium colluvium (LAA_COL)
This type is found in the valley and foothill regions, consists of mostly fine-to medium-grained loamy material, and is well drained with acceptable holding capacity (Pradhan and Lee 2010a, b; Pradhan et al. 2011 ).
Munchong Seremban Association (MUM_SBN)
This type has deep and heavy clay-textured oxic horizons, which have yellowish brown to strong brown colors, are excessively drained, and have rapid permeability.
Serdang Munchong Association (SDG_MUN)
This type consists of fine to coarse quartz sand set in a clay matrix.
Serdang Kadah Durian Association (SDG_KDH_DR)
This type is found on ridges and upper slopes and consists of loam and clay, with moderate to average soil moisture-holding capacity.
Inland swamp association (ISI) This type consists of loose clayey and sandy deposits and has the lowest category of potential water runoff.
Serdand Munchong Kedah Association (SDG_MUN_KD)
This type consists of clay, is excessively drained, and has rapid permeability.
Melaka Association (MCA) This type is classified as silty clay and is considered as a lateritic soil type that is rich in iron and aluminum. It forms in tropical areas and is rusty red in color because of the presence of iron oxides. It develops through the intensive and long-lasting weathering of the underlying parent rock (Noor et al. 1993 ).
Serdang Munchong Seremban Association (SDG_MUN_SB)
Sedimentation soils generally contain fine to coarse quartz sand set in a clay matrix. The Serdang series is sandy and thick and is considered as a well-drained soil. It has an average soil moisture-holding capacity (Lai et al. 2008 ).
Selangor Biarh Association (SLR_BRH)
This type has a clayey texture and originates from acid sulfate and potential acid sulfate soils. threshold of major landslides, while the dashed line represents the threshold of minor landslides. Each zone has its own threshold depending on the nearest event (Frattini et al. 2009 ). For example, in LDGE-KL Station, the best discrimination threshold of large landslide events corresponds to the relationship between 3 accumulative rainfall days and 30 antecedent rainfall days (R3-A30). The mathematical equation for the envelope curve for landslides was then obtained using the lower end of the plotted points in the scattered graph (Chleborad et al. 2008; Tien Bui et al. 2013; Zezere et al. 2005) . The threshold value represents the time interval during the specific cumulative rainfall that triggers shallow landslides, that is, if a cumulative precipitation exceeds the 3-day rainfall equaling or more than 26 mm and threshold of 15 antecedent day equaling or more than 185 mm can be considered as a significant trigger for future landslides to occur. The number of no-landslide days plotted above the (R3-A30) threshold limit were 37 days. This number represents the minimum number of landslide days that plotted above all thresholds of the current station. Figure 5 shows the threshold equations, reliability value, and threshold value for the rest of the zones.
P T of landslide hazard
The exceedance probability of the rainfall thresholds of the six zones was used as the indirect method of the P T analysis (Jaiswal et al. 2010) . Commonly, the daily rainfall does not or rarely registers a rainfall event, if the rainfall amount fall below the rainfall threshold of landslides (Chleborad et al. 2006) .
The daily rainfall data were collected from six automated rain gauges. Each gauge represented the center of each study area. All of them recorded the rainfall amount, intensity, and time from 2000 to 2012. The data were provided by the Department of Irrigation and Drainage, Malaysia (DID). The P T of a landslide 
The probability was based on the theoretical assumption of the probability model in Eq. 1, which gives the rainfall probability of occurrence (R) that exceeds the R T (threshold limit) and states that the landslide (L) is equal to the probability of the exceeded rainfall (R>R T ) multiplied by the probability of the occurrence of a landslide (Jaiswal et al. 2010) .
The empirical model of Poisson distribution (a continuous time model) was used to estimate the relative frequency of landslide occurrence after the threshold has been exceeded (Crovelli 2000; Jaiswal et al. 2010; Tien Bui et al. 2013) . Generally, the Poisson probability (Eq. 2) was applied to test both the exceedance probability of short mean recurrence intervals and time, which contribute mainly in determining the degree of hazards. The probability of one or more landslides occurring at time t, which is called the exceedance probability, can be estimated as follows (Eq. 2):
where (μ=t/n) is the mean recurrence interval (μ) and the average time interval between landslides, and (λ=1/μ) is the rate of the occurrence of landslides. The P T was obtained by applying the Poisson probability on all six zones individually. The frequency of the exceeded daily rainfall from 2000 to 2012 for 1, 3, and 5 coming years was determined. The probability to have a landslide in some zones (Table 3) is nearly 1, even though the area witnessed limited record of landslide events. Here, we noticed that the registered landslides were triggered eventually by a moderate prolonged rainfall intensity compared to other locations. Huabin et al. (2005) discussed this occasional situation by emphasizing two factors that determined the landslide hazard. First, intrinsic variable, such as geological conditions and structure of slope, and second, the extrinsic variables, such as human activities and rainfall, are considered.
It is noteworthy to mention that in some cases, rainfall days exceeding the threshold did not necessarily result single landslide, whereas moderate rainfall amount triggered some landslide events. This occasional situation mostly happened in gentle terrain areas (TD-KL). This might have happened because of the following: (1) no extensive record for small events in the study area, (2) landslides might have happened due to anthropogenic activities, and (3) frequent and extreme slope loading that initiate cracks and facilitate the rainfall infiltration. The most common and disruptive action of human activities is construction of roads, which modifies the landscape and accelerates the occurrence of slope instability (Ayalew and Yamagishi 2005; Chau et al. 2004) .
For that reason, a reliability test was performed using Eq. 3 (Lee et al. 2014) , in order to find the maximum value of reliability. Nonoccurrence rainfall from 2000 to 2012 was used to test 16 thresholds in each rainfall station. Threshold was produced based on relationship of R Threshold 3, 10, 15, 15, 20, 30 . Subsequently, major landslide threshold with higher reliability index was selected.
Landslide hazard assessment Landslide hazard is commonly defined as "the probability of occurrence within a specified period of time and within a given area of a potentially damaging phenomenon" (Varnes 1984) . Landslide hazard assessment usually prepared to answer the question regarding the location "where a landslide will occur" and time "when and how frequent a landslide will occur." In most of the cases due to data scarcity, some researchers considered susceptibility map as the only component of hazard map (Chau et al. 2004) , while, in some cases, the three components of hazard probability (i.e., spatial, temporal, and magnitude) have been multiplied directly, as they presume an independent relationship between each of these variables (Erener and Düzgün 2013; Lucà et al. 2014; Nefeslioglu and Gokceoglu 2011) .
In this study, the landslide hazard assessment was obtained by multiplying the two main independent components: (1) the P S of the occurrence of the triggering condition that results in a landslide and (2) the P T of the occurrence of the triggering condition that results in a landslide (Erener and Düzgün 2013; Guzzetti et al. 2005 ) (Eq. 5).
Hazard H
We applied the susceptibility analysis that was previously developed for the study area by using various models of P S analysis, including EBF model (Fig. 6 ). The success rate and prediction rate curves were used to test the performance and validate the prediction capability. The resultant maps were multiplied with the probability values of the present study. The P T (Table 3 ) and P S of the landslides (Fig. 6 ) were multiplied by using Eq. 5. The hazard assessment was estimated for three periods (1, 3, and 5 years) for each zone (Tien Bui et al. 2013) , and a total of six landslide hazard maps were generated and classified into four geometrical interval hazardous groups (Kemec et al. 2009 ): high, moderate, low, and very low hazard area. To validate the hazard map, landslide events that occurred in 2013 were collected from the entire study area and used to assess the performance of the 2013 scenario (Fig. 7) . The hazard map performed well and accurately forecasted landslide events from 2012 to early 2014 ( Table 4 ). Given that all the zones have an equal probability after 5 years, a hazard map for a 5-year scenario (2017) was prepared (Fig. 8 ).
Discussion and conclusion
Hazard mapping was conducted mainly to map and delineate expected landslide threats both spatially and temporally. Generally speaking, hazard map can be used as a main guide for infrastructure development and urban management at a specific time and location (Crozier and Glade 2006) .
The main reason behind the scarcity of quantitative hazard assessment is incomplete inventory data of the exact time and volume of landslides, categorization of the slope material failure, and updated land use/land cover maps. Fortunately, in this study, the availability of rainfall information includes the date of the occurrence of some landslide event, which makes the production of hazard maps feasible.
In this study, we filled a gap in the literature by creating a medium-scale hazard map that includes the temporal and spatial aspects of Kuala Lumpur and surrounding areas by using available information from 2000 to 2012. First, landslide susceptibility maps were prepared by using topographic and geomorphologic conditioning factors, which are not expected to change in the proposed prediction periods. Moreover, other factors, such as distance from drainages and roads and land cover, may be impervious to significant changes after 5 to 10 years. However, we made sure to exclude the center of Kuala Lumpur in a long-period prediction because its evolution is characterized by rapid development and increased deforestation and infrastructural expansion. The P S of the city is discussed comprehensively in . This paper focused only on the P T and hazard map performance. The P T of the landslides was anticipated indirectly by using the Poisson probability model.
In Malaysia, landslides are recorded only when they are visible in terms of infrastructure damage or human casualty. Therefore, many small landslides that covered an approximate area of 100 m 2 were not included. This deficiency in the landslide inventory leads to uncertainty with regard to two points: (1) the relationship Fig. 6 Landslide susceptibility map using EBF between monsoon and landslide events and (2) the rainfall that exceeded the threshold but for which a landslide event was not recorded. These two factors tend to exaggerate the probability for a long-time prediction (Jaiswal and van Westen 2009) , such as in a period of 5-year P T =1.
The study area received the heaviest rainfall during the monsoon, as clearly shown in Fig. 4 . The eastern part with its contrasting terrain and the central and western parts with their gentle terrain showed differences in prediction probability, even though all areas received an approximately equal amount of rainfall. This finding comprehensively shows that landslide occurrence is consistent with the presence of contrasting terrain and formation (Guzzetti et al. 2002; Jaiswal et al. 2010; Malamud et al. 2004) .
The eastern part of the study area has a good correlation with the maximum rainfall season of the northern monsoon (February to June). By contrast, western and central parts of the study areas have a good correlation with the maximum rainfall season of the southern monsoon (September and October to December). Moreover, in the BTA-Slg station, which covers Ukay Perdana, Wangsa Maju, Ampang, and Teman Melawati, the reliability test yielded lower values than the other stations because of the relatively large number of non-landslides that exceeded the threshold. However, fewer slope failure events were registered because of various reasons. This area was well protected against rainfall and was well maintained against naturally occurring slope failures. Moreover, the landslides that usually occur might have happened because of other reasons that were not included in the analysis, such as slope disturbance related to human activities. Furthermore, even though the inventory is limited in terms of failure type and auxiliary triggering factors, this study generated a valid hazard map that can be revised by using additional data, when available in future. Fortunately, the 2012 to early 2014 record of landslide events addresses an important opportunity to validate the hazard model, because more than 85 % of the events fall within 
